We report here the synthesis and the measurements of the microstructural and optical properties of a promising semiconductor, amorphous-iron disilicide. The material was obtained by ion-beam mixing of Fe layers on Si, with Ar 8ϩ ions, at 300°C. Optical absorption measurements indicate a semiconductor with a direct band gap of 0.88 eV. The significance of this discovery is that it demonstrates the existence of such a material. It should be possible to synthesize by other techniques and could be applied in large-area electronics.
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Iron disilicide, in its ␤-FeSi 2 phase, is a direct-gap ͑0.85-0.87 eV͒ semiconductor, [1] [2] [3] with about 50 times higher optical absorption coefficient compared to crystalline silicon. 4 Both electroluminescent 5 and photovoltaic 4 devices have been demonstrated in this material and are under further development. Another semiconductor in the Fe-Si system is a narrow-gap -FeSi, which is more interesting as a paramagnetic material, 6, 7 while other Fe silicides, including ␣-FeSi 2 , are metallic. However, so far, all the interesting iron silicides have been considered in a crystalline form. Amorphous forms of iron silicides were reported in the studies of Fe/Si contacts, 8 but their semiconductor properties have not been studied. There are reports of very thin ͑up to ϳ1 nm͒ amorphous semiconductor iron-silicide spacer layers in Fe/Si multilayered structures, though not with a strictly defined stoichiometry. 9, 10 Here, we report the discovery and synthesis of another semiconductor-the amorphous form of iron disilicide. A homogenous, around 45-nm-thick, amorphous-FeSi 2 layer was produced by ion-beam mixing ͑IEM͒ of Fe layers on silicon, at 300°C, using Ar 8ϩ ions. Iron films were deposited and irradiated in the Vinča Institute, using a recently installed ion-beam-assisteddeposition chamber, connected to a high-energy ionimplantation beam line. 11, 12 The ion-implantation line is equipped with an electron cyclotron resonance ion source, which provides multiply charged ions. The substrates used were lightly doped n-type ͑100͒ Si wafers. They were cleaned in a HF solution before mounting, and were held on a water-cooled sample holder during deposition. Prior to deposition the substrates were sputter cleaned, using a lowenergy argon-ion source. The Fe films were deposited by e-beam evaporation, to a thickness of 50 nm, at 0.5 nm/s. During ion irradiation the samples were mounted on a heating stage, set at 300°C. We have used 120 keV Ar 8ϩ ions, with a beam current of 20 electron A/cm 2 , or an equivalent of 2.5 particle A/cm 2 . The beam was scanned homogeneously over a target area of 2 cm 2 . The implanted doses were in the range from 1ϫ10 16 -2ϫ10 16 ions/cm 2 . During Fe deposition and ion irradiation the pressure in the chamber was maintained at about 1ϫ10 Ϫ6 mbar. After ion irradiation, selected samples were annealed in a vacuum furnace under the same base pressure, for 1 h at 650°C, or for 2 h at 870°C. Structural and microstructural characterizations, using Rutherford backscattering spectroscopy ͑RBS͒, transmission electron microscopy ͑TEM͒, x-ray diffraction ͑XRD͒, parallel electron energy-loss spectroscopy ͑PEELS͒, and optical absorption measurements were subsequently carried out at Surrey.
RBS analysis was done using a 1.5 MeV He ϩ -ion beam, and two detectors positioned at scattering angles of 167°and 135°, in the laboratory ͑IBM͒ geometry. Experimental spectra were analyzed using the Data Furnace ͑WINDF͒ code. 13 It was found that ion irradiation induces intermixing at the Fe/Si interface, with a specific concentration ratio of Fe/SiϷ1/2, the thickness of the intermixed region increasing with the ion dose. In Fig. 1͑a͒ we present the RBS spectra taken from as-deposited Fe/Si, a sample implanted to 2 ϫ10
16 Ar 8ϩ ions/cm 2 , and from a sample subsequently annealed at 650°C after ion irradiation. It is seen that ion irradiation has induced a direct Fe-Si reaction, with a defined Fe/Si atomic ratio. In Fig. 1͑b͒ , we have plotted the bestfitted layered structure for the as-implanted sample. Indeed, the RBS spectrum of this sample could be fitted well by introducing FeSi 2 as one of the elements in the matrix, plus the four basic elements ͑Fe, Si, Ar, and O͒. This Fe/Si atomic ratio is well satisfied for the intermediate region of the sample. The input paremeters for WINDF were set to search for a minimum layer thickness of 20ϫ10 15 atoms/cm 2 , and the DEPTH code 14 was used to compensate for energy straggle. By introducing bulk density of ␤-FeSi 2 (7.95 ϫ10 22 atoms/cm 3 ) to recalculate the depth scale, we obtain a thickness of ϳ45 nm for the grown iron disilicide. This stoichiometry consumes ϳ15 nm of the deposited Fe layer. In the outer part of Fe there is a portion of interdiffused silicon and a surface oxide, which result in the effective thickness of the top layer of ϳ40 nm. The implanted argon has a sharp . It is seen that the possible presence of an FeSi 2 phase is significantly reduced. The argon peak is lowered and spread evenly around the silicide/silicon interface. Annealing of implanted samples for 2 h at 870°C ͑the analysis not presented͒, yields a full growth of a FeSi 2 layer. The microstructure of the as-implanted sample was further analyzed by TEM and ͑XRD͒. Figure 2͑a͒ is a typical cross-sectional TEM image ͑bright field͒. The structure consists of three layers: a top layer of polycrystalline iron, a layer of amorphous-iron disilicide in the middle, and the crystalline silicon substrate at the bottom. The measured thickness of the amorphous layer and of unmixed Fe is in good agreement with that obtained from RBS analysis. The silicon substrate maintains its single-crystal structure at the applied irradiation conditions, although there is a considerable amount of radiation damage in the form of extended linear defects. Argon bubbles can be seen at the interface between the amorphous-iron disilicide and the silicon substrate. The amorphous nature of the silicide is shown clearly in the high-resolution electron micrograph in Fig. 2͑b͒ , which was imaged at the ͓110͔ direction the silicon substrate. The inset microarea electron diffraction ͑MD͒ pattern in Fig.  2͑b͒ shows the primary halo ring of the amorphous layer. Despite great care in MD studies using a nanoelectron probe from a field-emission gun, no evidence of crystalline phases was detected in the amorphous layer by either electron diffraction or by cross-sectional TEM imaging under diffraction-contrast and high-resolution modes. We, therefore, exclude the possibility that the amorphous layer is made of nanometer FeSi 2 crystals. Thin-film energydispersive x-ray quantification, using crystalline ␤-FeSi 2 as a standard, showed that the stoichiometry of the amorphous layer was FeSi 2 . Composition profiles of iron and silicon, using high-resolution PEELS that operates under a fieldemission gun at 200 kV ͑1 nm probe size and 5 eV energy slit͒, show that the composition of the amorphous layer is constant across its thickness, being consistent with the RBS results.
XRD profiles ͑using Cu K␣ radiation͒ from the asimplanted and annealed samples are shown in Fig. 2͑c͒ . In the as-implanted sample, near the ͑110͒Fe peak (2 ϳ44.7°), a diffuse hillock due to the amorphous FeSi 2 ͑in-dicated͒ appears, which corresponds to the diffuse ring in the MD pattern in Fig. 2͑b͒ . In the sample annealed for 1 h at 650°C, the main diffraction peaks appear from the -FeSi phase. After annealing for 2 h at 870°C, the structure completely transforms to ␤-FeSi 2 , with typical XRD peaks of 2 FIG. 1. ͑a͒ RBS spectra ͑167°backscattering͒ of as-deposited Fe/Si, as implanted to 2ϫ10 16 ions/cm 2 , and subsequently annealed ͑650°C, 1 h͒ samples. The best-fitted layered structure of the as-implanted ͑b͒ and the annealed ͑c͒ sample.
FIG. 2.
Cross-sectional TEM micrographs of the ion-beam-mixed layers at ͑a͒ low and ͑b͒ high resolution. Inset in ͑b͒ a microarea electron diffraction pattern from the amorphous layer. ͑c͒ XRD spectra from as-implanted, and annealed ͑650°C for 1 h and 870°C for 2 h͒ samples. around 46°and 50°. The XRD analysis, which is consistent with the TEM results, suggests that the initially grown FeSi 2 layer did not have a stable crystalline structure. For comparison, under equilibrium conditions ␤-FeSi 2 is stable up to 930°C, where it transforms to the high-temperature ␣-FeSi 2 phase. It should be noted that the annealing treatments at 600-700°C can be efficient for a full growth of ␤-FeSi 2 from 20 to 50 nm Fe on Si. 15 In the present case the nucleation of crystalline ␤ might be delayed by the intermediate amorphous-FeSi 2 phase. Energetic calculations, using a recently developed thermodynamic model for the amorphous phase, 16 suggest that the existence of a precursor amorphous phase lowers the thermodynamic driving force for the nucleation of ␤-FeSi 2 .
Optical absorption measurements were carried out in transmission, using a tungsten lamp as a white-light source and a quarter-meter spectrometer with a liquid-nitrogencooled germanium detector to monitor the transparent light. The method was the same as that described in more detail previously 2 to study crystalline iron disilicide thin films. This method allows for differences in reflection by normalizing the sample and a silicon control, subjected to the same processing, at a wavelength well below the band gaps of both materials. The absolute values of the absorption coefficient were calculated for the amorphous layer using the thickness obtained from the RBS and TEM measurements. In the inset in Fig. 3 , we have plotted the absorption coefficient of the amorphous-iron disilicide as a function of energy and for comparison, solid line, the absorption coefficient of a wellcharacterized crystalline-iron disilicide. 2 The absorption coefficients are remarkably similar above ϳ0.88 eV but the lower-energy tail is much wider for the amorphous case due to the usual disorder-induced band tailing. Theoretical descriptions of the absorption edge in amorphous materials are still inadequate and indeed the functional form of the absorption edge varies considerably between different amorphous semiconductors. The low-energy tail, the so-called Urbach tail, is usually described by a simple exponential and the higher-energy region can in many cases be described by a power-law dependence where the exponent can range from 1/2 ͑Ref. 17͒ to 3 ͑Ref. 18͒, although this is not universal. A quadratic dependence is the most common and the extrapolation to zero absorption giving in this case the so-called Tauc gap of the material. In Fig. 3 we have plotted the square of the absorption coefficient for the amorphous-iron disilicide as a function of energy and obtain a straight line above the Urbach tail extrapolating to the energy of 0.88 eV, the same value as the crystalline case. Such a dependence and correspondence is unusual but has also been recently reported for amorphous Sb 2 S 3 ͑Ref. 17͒ and amorphous GaN. 19 The close correspondence of the magnitude and form of the absorption coefficient between the FeSi 2 crystalline and amorphous phases is unlikely to be coincidental and we, therefore, conclude that, unusually, we have an amorphous semiconductor that remains direct gap. Although, the simplification is often made that the wave vector k is a poor quantum number in amorphous semiconductors, it is rarely quantified or justified and the transition, from k being valid to not, must depend on the degree of disorder and the level of shortrange order retained in any particular amorphous semiconductor.
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